during sleep is high at the beginning of a euthermic period and declines thereafter. Sleep slow-wave intensity is greater after longer bouts of hibernation than after shorter bouts. We hypothesize that low body temperatures during hibernation are incompatible with the restorative function of sleep as reflected in cortical slow-wave activity. Animals must incur the energetic costs of periodic arousals from hibernation to receive the restorative benefits of euthermic slow-wave sleep. The timing of arousals from hibernation may be a function of accumulated sleep debt. electroencephalogram spectral analysis; delta power; brain temperature; arousal from hibernation; two-process model; nonrapid-eye-movement sleep ANALYSES 
OF THE ELECTROENCEPHALOGRAM
(EEG) have shown that rodents are mostly in non-rapid-eyemovement (NREM) sleep as they enter hibernation (16, 30, 31) . In shallow hibernation at brain temperatures >25"C, where EEG can still be scored according to standard criteria, NREM sleep accounts for >80% of recording time (30). At brain temperatures <25"C, single neurons in the thalamus fire predominantly at rates that correspond to their typical firing rates in euthermic NREM sleep (21). Thus neural mechanisms controlling hibernation may be homologous to neural mechanisms underlying NREM sleep. Hibernation is an extreme adaptation for energy conservation. Body temperature and metabolism are regulated at a much lower level during hibernation than during euthermia (18, 23, 32) . Body temperature is also regulated at a lower level during NREM sleep than during wakefulness (15). Therefore, it seems likely that hibernation could have evolved through selection for increasing the energy conservation, which results from the decreased regulated body temperature during NREM sleep (16, 30) . This view of hibernation and evolutionary scenario fits with the theory that one function of NREM sleep is energy conservation (1, 19) .
Another theory views NREM sleep as restoration from prior wakefulness (2, 17) . Sleep recuperative functions may be manifested in sleep EEG slow-wave activity (2, 3, 12) . A mathematical model formulates sleep recovery as a homeostatic process (3, S), the level of which can be observed in EEG slow-wave intensity. The model claims that the need for cortical slow-wave activity follows a monotonic rise during wakefulness and a monotonic decline during NREM sleep. A variety of studies agrees with this prediction. EEG slow-wave activity is highest at sleep onset and decays toward sleep termination in both rodents (5, 6, 13, 26, 27) and humans (4). In rat (24) and human (9) alike, EEG slow-wave activity increases as prior wake time increases. These observations suggest that sleep homeostasis could be based on neurochemical events that differ in wake and sleep (3). Such neurochemical processes could be temperature sensitive. Sleep homeostasis in terms of EEG slow-wave intensity (delta power) has never been addressed in hibernation, an extreme case of low temperature and metabolism. If hibernation is homologous with NREM sleep, are animals sleep satiated following a bout of hibernation and are longer bouts of hibernation more restorative than shorter bouts? The present study demonstrates the opposite. EEG slow-wave activity is highest at the beginning of euthermia and is less after short bouts of hibernation than after longer bouts.
METHODS
Animals and materiak. Experiments were carried out in nine golden-mantled ground squirrels (Spermophilus lateralis) with established hibernation histories, during Winter 1989/90. Under deep anesthesia (pentobarbital sodium, 60 mg/kg), animals were placed in a Kopf stereotaxic instrument. Four stainless steel bone screws were used for recording cortical EEG activity (2.5 mm bilateral; 4.0 mm or 10.0 mm anterior to earbar reference). A pair of multistranded stainless steel wire electrodes was used to record electromyogram (EMG) activity from the neck. One thermocouple reentrant tube was inserted deep into the forebrain to allow measurements of subcortical brain temperature.
Data acquisition and analysis. EEG, EMG, and brain and ambient temperatures were recorded continuously throughout the experiment. The EEG signal was derived from one anterior and one posterior electrode. A third electrode served as animal ground to reduce electrical noise. The EEG signal was calibrated at 200 PV direct current, bandpass filtered (50% amplitude at 0.3 Hz, 35.0 Hz), amplified, and digitized at 100 Hz. Consecutive 10-s epochs were scored by custom software designed in the Stanford Sleep Research Center (29) . For the present study, the EEG signal was arbitrarily classified into three categories: 1) hibernation (zero-to-low EEG amplitude with unspecific frequencies; 2) a category including were measured by copper-constantan thermocouples referenced to an ice bath. Experimental protocol. Several days were allowed for animals to recover from surgery. The animals were then transferred in their wooden nest boxes (10 X 10 X 10 cm) to the recording chamber. Water was provided ad libitum. The animals had stored food in their nest boxes. Recordings were carried out in constant darkness, in an insulated chamber at ambient temperatures of 5-10°C (individual variation less than &O.Z5"C). Adaptation was assumed when the animals resumed regular hibernation bouts. Then two complete and adjacent periods including arousal from hibernation, euthermia, and reentry into hibernation were recorded and analyzed. The first recorded period followed a control hibernation bout (CHB) that ended spontaneously.
In the middle of the hibernation season, contiguous bouts of torpor do not vary substantially given constant conditions. Thus, to obtain maximal contrast for the length of prior hibernation, the second hibernation bout in each animal was terminated after -24-48 h [shortened hibernation bout (SHB)]. Forced arousals in the SHB group were accomplished by patting the animal with a brush during maximally 3 min. Its effect on brain temperature of the animal was checked during several minutes. Periods of sensory stimulation were repeated until the animal showed clear signs of arousal (rise in brain temperature).
Once brain temperature reached 15-2O"C, all animals aroused without further stimulation.
The 3-min periods of sensory stimulation were performed under dim red light and roughly maintained ambient temperature (increase 52°C during maximally 3 min).
RESULTS

Two representative
recordings of EEG delta power and brain temperature are shown in Fig. 1 . Figure 1A is a recording period following a CHB (at ambient temperature of 10°C) that ended spontaneously after 4.25 days. The Fig. 1B depicts a second recording from the same animal, after the recording period shown in Fig. lA, but this time the animal was stimulated (arrow) to arouse after 1.5 days in hibernation (SHB). In the arousal from the CHB, brain temperature rose within -1.5 h from -10°C to a plateau level ~35°C. This high and sustained level of brain temperature defines a euthermic period. In case of the SHB, the rise of brain temperature started also at 10°C, but the induced arousal stalled after -30 min (Fig. 1B) . Repeated sensory stimulation finally aroused the animal, and brain temperature reached the euthermic plateau level after -2 h. Once brain temperature approached its euthermic level subsequent to either spontaneous or stimulated arousal, EEG delta power increased rapidly from nearly zero to values X00 pV'/Hz. EEG delta power peaked in the initial hours of euthermia and declined thereafter. Brain temperature remained relatively stable throughout euthermia. During entrance into torpor, when brain temperature began to decline, a reoccurrence of NREM sleep accompanied by a transient increase of EEG delta power was observed. This surge did not attain such high levels as observed after arousal. Approaching deep hibernation, EEG delta power diminished to virtually zero. After both the spontaneous and forced arousal, NREM sleep predominated during the first hours of euthermia and during the reentry into hibernation.
The euthermic period lasted 9 h after the longer hibernation bout (Fig. 1A ), but only 5.5 h after the shorter bout (Fig. 1B) . Moreover, the initial EEG delta power peak measured at least 150 pV2/Hz after the CHB but only -100 pV2/Hz after the SHB. Hibernation bout. A hibernation bout was considered as the period of time from beginning of entrance to the beginning of arousal, as indicated by changes in brain temperature.
Hibernation bouts were -5 days in the CHB group (Table 1) . The average duration of the hibernation bout was <2 days in the SHB group. Entry into hibernation, during which brain temperature gradually declined lasted -1 day and did not significantly differ between the two conditions. The duration of deep hibernation (brain temperature low and constant) expressed as percentage of total hibernation bout length was nearly 80% in the CHB group and only 31% in the SHB group.
Arousal period. The arousal period during which brain temperature rises from the levels of deep hibernation to the euthermic plateau showed significant differences between the two groups. Spontaneous arousals of the CHB group averaged 2 h, whereas forced arousals of the SHB group were almost 1 h longer. Although the total brain temperature rise did not differ between the CHB and SHB groups (-26"C), its time course did differ between the two groups. To quantify this variation, we integrated positive temperature changes over the entire arousal period. Brain temperature integrated over time was almost 70% greater after induced arousals in the SHB group than after spontaneous arousals of the CHB group. Euthermic periods. Euthermic periods were determined in each animal by using the individual plateau level of brain temperature.
Average brain temperature was similar in both conditions (-35°C of euthermia and still >65% during the subsequent 2-h period. ). EEG power spectra showed a marked variation across euthermic NREM sleep. EEG power of frequencies between 1.1 and 3.5 Hz declined throughout 10 h of euthermic NREM sleep (P < 0.005; analysis of variance).
A maximal decrease of nearly 40% was observed in frequencies 1.6-2.0 Hz after 10 h NREM sleep. Power in a higher frequency range between 5 and 10 Hz varied significantly during euthermia, an increase could be observed during the 2-to 8-h NREM sleep period (P 5 0.05). Thus the evolution of EEG power across euthermia was different for frequency ranges. Figure 3 shows the time course of EEG delta power of the CHB group (closed circles) and of the SHB group (open circles). EEG delta power was highest during the first 120 min of NREM sleep and decreased markedly thereafter (P = 0.005; analysis of variance). After 360 min of NREM sleep, EEG delta power declined by -35% in the CHB group (P = 0.05) but only 45% in the SHB group [not significant (NS)]. The highest levels of EEG delta power were measured during the first 120 min of NREM sleep of the CHB group. The SHBs were followed by reduced NREM sleep EEG delta power (P < 0.001; analysis of variance). The difference between CHB and SHB group was -30% during the initial 120 min of NREM sleep (P = 0.01) and 20% during 121-240 min of NREM sleep (P < 0.05).
EEG delta power during O-4 h of euthermia was significantly different between the CHB and SHB group (Fig. 3) . Spearman rank correlations were performed to assess the relationship between various parameters and EEG delta power. regression. The interindividual variation of EEG responses to the changes of prior hibernation bout length was pronounced.
Nevertheless, seven animals showed higher EEG delta power after CHBs, with differences up to 50%. Two animals had lower EEG delta power after CHBs (-5 and -10% on the ordinate), but the differences in bout lengths in these observations were minimal (52 days).
DISCUSSION
After both spontaneous and induced arousals from hibernation, squirrels spent most of the euthermic period in NREM sleep (31). Peak levels of EEG delta power were observed at the beginning of euthermia. EEG delta power progressively declined throughout euthermia, whereas power of faster EEG activity (5-10 Hz) showed variation in the positive direction. Thus the decrease of EEG delta power during euthermic NREM sleep is not due to a global decrease of EEG amplitude but is confined to low EEG frequencies. High amounts of time spent in NREM sleep and strikingly similar evolutions of EEG delta power have been found during the daily sleep period of rats (6, 27), hamsters (26), chipmunks (lo), and humans (4). Such a time course of EEG slow-wave activity has been interpreted to reflect cortical sleep recovery processes that decrease as sleep time accumulates (3, 8).
As daily sleep periods in normothermic animals may be recovery from prior wakefulness, posthibernation euthermic sleep may have a similar recovery function.
If hibernation is homologous with NREM sleep (1, 16, 22, 30) , and if NREM sleep is restorative (2, 3, 17), then EEG delta power of ground squirrels should be low just after the arousal from hibernation.
The high level of EEG delta power immediately after arousal from hibernation is contrary to this prediction. Three possible causes, alone or in combination, may account for high amounts of initial EEG slow-wave activity and its subsequent decline. First, the restorative function of NREM sleep is not being accomplished during deep hibernation, and as a consequence a slow-wave sleep debt is accumulating while the animal is at lower body temperature. Second, the characteristics of recovery sleep observed in this study could result from arousal specific processes. Third, observed changes in cortical slow-wave activity could be due to non-sleep-related recovery processes from prolonged hypothermia.
Posthibernation NREM sleep as recovery from prior hibernation period. If a slow-wave sleep deficit accumulated during hibernation, time spent in NREM sleep would have to increase and EEG delta power would have to be higher after a long bout of hibernation than after a short one. The data of the present experiments agree with this prediction. Euthermic bout length, time spent in NREM sleep, and EEG delta power are positively correlated with prior hibernation bout length. In the case of EEG delta power during the first 4 h of euthermia, preceding hibernation bout length may explain 58% of the empirical variability.
It is possible that the observed increase of euthermic sleep duration and EEG delta power after longer bouts were not due to bout length but due to dissimilarities between spontaneous and forced arousal modes. The variation in integrated brain temperature over arousals (Table 1) suggests a difference in metabolic expenditure for forced and spontaneous arousals. Integrated brain temperature is not a sufficient measure to enable comparisons of metabolic expenditures (23) during different arousal modes. Nevertheless, it does seem possible that arousals after SHBs involved greater metabolic expenditures since they took longer. The longer the arousal, the more time the animal was spending at higher brain temperatures before it reached euthermia. Most of this difference occurred, however, at brain temperatures 45°C (see Fig. lB ), whereas metabolic rates during arousal are highest when brain temperature is >3O"C (23). Hence, the influence on total metabolic expenditure for arousal may not have been as great as the measures of integrated brain temperature imply. Whereas arousal duration and its integrated brain temperature both differed between the spontaneous and the forced arousals, neither of these measures correlated significantly with subsequent EEG delta power. Moreover, in these cases in which the smallest difference in hibernation bout length preceding the spontaneous and the forced arousals were obtained (-2 days; Fig. 4) , the difference in EEG delta power was mostly small and the direction of change inconsistent (+25%, +5%, -8%, and -5%). This is incompatible with the assumption that EEG delta power was essentially influenced by prior modes of arousal. Because significantly shorter euthermic bouts after spontaneous premature arousals have been reported previously (ll), we conclude that prior hibernation duration was indeed an important factor determining the duration of the euthermic period and the level of EEG delta power. The increase of NREM sleep time and the augmentation of EEG delta power after longer bouts can be regarded as a homeostatic response to a sleep deficit accumulated during hibernation.
If hibernation is homologous to NREM sleep (1, 16, 22, 30) , and if NREM sleep is restorative (3), how can we explain the lack of restorative value during hibernation? The kinetics of the decrease in cortical slow-wave activity during normal restorative sleep suggest the possibility of an enzymatic breakdown of some substance which has accumulated during prior wakefulness [process S (3)]. The buildup and decay processes may have different temperature sensitivity. It is possible that one process (e.g., buildup ofprocess S) may be slowed and another (e.g., decay of process S) completely inhibited by low temperature during hibernation. If the enzymatic decay process is inhibited at low cortical temperatures, such a substance could continue to build up rather than be depleted during a bout of hibernation, even though the animal is in a state homologous to euthermic slow-wave sleep in terms of subcortical mechanisms.
If this hypothesis were true, then could the buildup of process S play a role in determining hibernation bout length? According to the two-process model, the buildup of a hypothetical process S plays an important role in sleep timing (8), since spontaneous sleep is initiated when process S approaches an upper threshold.
In the case of hibernation timing, the accumulation of process S would have to trigger return to euthermia to initiate euthermic sleep. A critical question is whether reasonable assumptions about temperature effects on process S are compatible with the fact that hibernation bouts are longer than normothermic active periods during which process S normally accumulates.
It is reasonable to assume that during normothermic active periods process S reaches the threshold to induce sleep after -8 h in consecutive wakefulness.
A squirrel would have to stay -7 days in deep hibernation at 6°C to attain the same theoretical level ofprocess S. The value of this rough approximation is in the order of magnitude of spontaneous hibernation bout lengths of 5 days at 9°C reported presently and in a previous study (21 EEG as a recovery from hypothermia. It is possible that the posthibernation EEG response is unrelated to sleep recovery processes as discussed above. The immediate peak of EEG delta power after hibernation could reflect an unspecific response of cortical activity to hypothermia.
The subsequent decline of EEG slowwave intensity could indicate that the euthermic brain is slowly recovering from its prior hypothermic condition. The present data do not allow us to discard this hypothesis, since euthermic EEG delta power and prior duration at steady-state low temperature correlated well. There are, however, arguments against this notion. The immediate time after arousal is not only characterized by EEG synchronization but has also distinct periods of EEG desynchronization (see Fig. 1 ). These periods of activated EEG (wake or REM sleep episodes) may add up to 20% of total recording time already at the beginning of euthermia. Furthermore, squirrels are fully capable of certain wake activities, such as quickly reacting to external stimuli and running immediately after arousal. Such behavior is unlikely to occur if the brain is not entirely functional.
Further experiments have to be performed, however, to address this question directly.
The data presented here support the view that slowwave sleep may have both an energy conserving and a restorative function, but that the restorative function may be compromised during deep hibernation. The low body and brain temperatures of hibernation achieve extremes in energy conservation, but perhaps those same low temperatures are inhibitory to restorative processes reflected by cortial EEG synchronization.
Because cortical EEG amplitude, which correlates with EEG synchronization, is progressively diminished in brain preparations at temperatures ~32°C (14), one might hypothesize that sleep restoration requires a brain temperature >32"C to be normally effective. The animal would regularly have to return to euthermic body temperature to receive restorative benefit from euthermic slow-wave sleep. Accumulated sleep debt, as modeled by the buildup of hypothetical process S during hibernation, may be one factor in the timing of periodic arousals from hibernation. 
